We construct explicitly a 1-parameter family of SO(3)-gauged maximal d = 8 supergravities that interpolates continuously between the theory constructed by Salam and Sezgin by Scherk-Schwarz compactification of d = 11 supergravity and the theory constructed in Ref.
Introduction
Gauged/massive supergravities have received a great deal of attention over the last few years because they almost always include a scalar potential that could fix the moduli or provide an interesting inflationary model. While gauging a given supergravity theory obtained, for instance, as the low-energy limit of some string theory model, is just a technical problem which we now know how to handle in general, the string-theory description of that gauged theory, its 11-dimensional origin and the meaning of the new constants that appear in it (coupling constants, mass parameters etc.), are not always known.
The gauging of maximal 8-dimensional supergravity offers a particularly interesting example. Salam and Sezgin obtained this theory with an SO(3) ⊂ SL(3, R) gauging in Ref. [1] by performing a Scherk-Schwarz reduction [2] of 11-dimensional supergravity [3] . 1 The gauge fields of this theory are the three Kaluza-Klein vectors. However, the theory has another SL(3, R) triplet of vectors that can be used as gauge fields: the vectors that come from the 11-dimensional 3-form. This alternative SO(3) gauging can be carried out directly in 8 dimensions but it is not known how to obtain this theory from 11-dimensional supergravity.
It is somewhat surprising that this second SO(3)-gauged maximal supergravity can be obtained from the compactification of the so-called massive 11-dimensional supergravity [6] . This theory is a deformation of 11-dimensional supergravity proposed in Ref. [7] as a candidate to 11-dimensional origin of Romans' massive N = 2A, d = 10 supergravity [8] . 2 It does not have 11-dimensional covariance, as it depends explicitly on the (commuting) Killing vectors but it accounts for the 11-dimensional origin of several gauged supergravity theories (apart from Romans' and the 8-dimensional one under discussion) [10] .
In this paper we want to go beyond the two SO(3) gaugings of the maximal 8-dimensional supergravity constructed so far and which will be referred to henceforth as SS and AAMO. The two triplets of 8-dimensional vectors form an SL(2, R) doublet and one could transform either of them by an SL(2, R) rotation and then used the transformed triplet as gauge vectors. If one uses only a SO(2) ⊂ SL(2, R) subgroup, it should be possible to obtain a 1-parameter family of SO(3)-gauged maximal 8-dimensional theories interpolating between SS and AAMO. 3 Except for these two limiting cases, the 11-dimensional origin of these theories has yet to be understood.
The best way to construct this family of theories is through the use of the embedding tensor formalism [13, 14, 15, 16, 17] . 4 This formalism has been used in several maximal and half-maximal supergravities Refs. [22, 23, 24, 25, 26, 27, 28] . In the 8-dimensional case it has been used in Ref. [29] to study the possible subgroups of the U-duality group that can be gauged, regardless of the vectors used as gauge fields, by solving the constraints satisfied by the embedding tensor. The existence of continuous families of gauged supergravities scapes this kind of analysis, though, and we are actually interested in the explicit construction of the theory. In a more recent paper [30] we have used the embedding-tensor formalism to construct the most general 8-dimensional gauge theory (including its tensor hierarchy), for any field content and duality group. This result can immediately be particularized to the field content, d-tensors and duality group of the maximal 8-dimensional supergravity and we just have to find a 1-parameter SO(3) solution of the constraints satisfied by the embedding tensor an other deformation parameters to have the complete tensor hierarchy of the theory we are after. To end the construction of the bosonic theory it only remains to find the scalar potential and the equations of motion. We will explain how to do that in this case. We will also explain how to construct the supersymmetry transformation rules.
This paper is organized as follows: in Section 2 we review the matter content and symmetries of the ungauged theory. We will introduce a new basis of fields with simpler transformation properties, as required by the embedding tensor formalism. In Section 3 we will discuss the gauging, using that formalism, of the theory, applying the general results of Ref. [30] . We will show that there is a 1-parameter family of em-bedding and other deformation tensors associated to the SO(3) gaugings we are after. In Section 4 we proceed to the explicit construction of the theory. Our conclusions are described in Section 5 and, in the appendices, the explicit forms of the field strengths, Bianchi identities, identities of Bianchi identities and duality relations, are collected.
In this section we are just going to describe the aspects of the ungauged theory that we need to know in order to construct the family of gauged supergravities we are after. N = 2, d = 8 supergravity can be obtained by direct dimensional reduction of 11-dimensional supergravity on T 3 [1] . The scalars of the theory parametrize the coset spaces SL(2, R)/SO(2) and SL(3, R)/SO(3). The U-duality group of the theory is SL(2, R) × SL(3, R) and its fields are either invariant or transform in the fundamental representations of both groups. We use the indices i, j, k = 1, 2 for SL(2, R) doublets and m, n, p = 1, 2, 3 for SL(3, R) triplets.
The bosonic fields are
where C is a 3-form, B m a triplet of 2-forms, A i m , a doublet of triplets of 1-forms (six in total), a and ϕ are the axion and dilaton fields which can be combined into the axidilaton field and, finally, M mn is an SL(3, R)/SO(3) symmetric matrix whose explicit parametrization in terms of five independent scalars will not concern us for the moment. The inverses of these matrices will be written with upper indices. The bosonic action obtained in Ref. [6] by simple dimensional reduction is 5
where the field strengths are given by 6
Rewriting the theory
In order to study the gaugings of this theory using the embedding-tensor formalism it is convenient to use differential-form language and, furthermore, use a different basis of forms with better transformation properties under the duality groups (in particular, under SL(2, R)): for instance, if the 3-form field strengths H m are invariant under SL(2, R) transformations, it is obvious that the 2-forms B m can only be invariant under those SL(2, R) transformations up to 1-form gauge transformations because the ChernSimons term 3ǫ mnp F 1n A 2p has that same behaviour. This implies, in its turn, that the 3-form C only transforms as the first component of an SL(2, R) doublet (something we expect to happen on general grounds) up to gauge transformations. The conclusion is that we are going to need to redefine the 2-and 3-form potentials B m and C, which we also denote as C 1 when needed.
In differential-form language, the above field strengths take the form
The redefinition of the potentials that gives the the required properties of transformation under the U-duality group is 6 In this notation, used in Ref. [6] , all the lower indices, which are not shown, are antisymmetrized with weight one. The difference with differential-form notation is the normalization of the components of the differential forms:
In terms of these new potentials, the field strengths take the form 7
9)
The gauge transformations that leave these field strengths invariant are 11) and the gauge-invariant bosonic action can be written in the form
12) It is not difficult to check that the (formal 8 ) exterior derivative of the Chern-Simons part of this action (the last three lines) is just a combination of gauge-invariant field strengths: 
This (magnetic, dual) field is related by electric-magnetic duality to the original (electric, fundamental) C so there are no new degrees of freedom on duality shell 9 16) and the relation is such that, using it, the equation of motion of C that follows from the action Eq. (2.12)
becomes the Bianchi identity for the field strength G 2 . Then, denoting with a ∆ the part of a (p + 1)-field strength that does not contain the derivative of the p-form potential, using the above definitions we can rewrite the action Eq. (2.12) in a more compact form that we will use later:
(2.18) Potentials dual to the 2-forms (the 4-formsB m ), to the 1-forms A im (the 5-forms A im ) and to the scalars (the 6-forms D A , where the index A runs over the adjoint representation of the duality group SL(2, R) × SL(3, R)), and their gauge-invariant field strengths (H m ,F im , K A ) can also be defined by dualizing the equations of motion of the corresponding electric fields. We will not need them now, but they can be found in Ref. [30] . They can also be recovered by setting to zero the deformation parameters in the field strengths of the gauged theory that we are going to construct in the next section and which are listed in Appendix A.1.
The gaugings and massive deformations of general 8-dimensional field theories have been studied in depth using the embedding-tensor formalism in Ref. [30] using the notation of Ref. [21] and the general procedure used in Refs. [31, 32] for the 4-,5-and 6-dimensional cases: finding identities for Bianchi identities, solving those identities for the Bianchi identities and then solving the Bianchi identities for the field strengths. In particular, the tensor hierarchy has been constructed and the form of most of the field strengths has been fully determined. The action was only determined up to terms containing 2-forms due to the very large number of complicated terms occurring in it.
In this section we are going to specialize the results of Ref. [30] to the particular case of N = 2, d = 8 supergravity and, then, we are going to select the family of gaugings we are interested in 10 . Since the case we are going to study is far simpler than the general case, we are going to determine almost the bosonic action.
In order to particularize the results of Ref. [30] to N = 2, d = 8 supergravity we have to particularize the generic field content, the d-tensors occurring in the ChernSimons terms and the global symmetry group considered there.
Let us start by reviewing the U-duality group of the theory. The U-duality group of this theory is, exactly, SL(2, R)×SL(3, R) 11 The only structure constants that we need to know explicitly are those of the SO(3) subgroup: 12
so the SO(3) generators in the fundamental/adjoint representation are the matrices
We also need to know that the coset space SL(3, R)/SO(3) is a symmetric space and the structure constants with mixed indices f ma b provide a representation of SO (3) acting on the SL(3, R)/SO(3) indices a, b, · · · :
As for the generators of SL(2, R) ∼Sp(2, R) in the fundamental representation T α i j we just need to know the property
Let us consider now the field content. In Ref. [30] the scalars were collectively denoted by φ x . We are going to keep using that notation for the time being. The vector fields carried indices I, J, . . . and they must be replaced by composite indices im, jn etc. where i, j, . . . = 1, 2 and m, n, . . . = 1, 2, 3 are indices in the fundamental representations of SL(2, R) and SL(3, R), respectively. The notation for the 2-forms is the same. In Ref. [30] the electric 3-forms carry an index a which is the upper component of a symplectic index denoted by i, j, . . .. In the case at hands, a takes only one value: 1 (C 1 ) which will be sometimes omitted (C). The lower index 1 is equivalent to an upper index 2:
Finally, in order to find the values of the d-tensors for this theory it is enough to compare the field strengths of this theory with those of the generic ungauged theory constructed in Ref. [30] . Comparing Eqs. (2.8),(2.9) and (2.14) with
we conclude that the d-tensors can be constructed entirely in terms of the U-duality invariant tensors δ i j , ǫ ij , δ m n , ǫ mnp :
The tensor d mnp is related to these by
We can immediately use the results of Ref. [30] to determine the form of the 5-form field strengthsH m (dual to the H m ) and the 6-formsF im (dual to the 2-forms F im ) 13 . We can also derive the the Bianchi identities satisfied by all of them and also by the 7-form field strengths K A dual to the Noether current 1-forms of the scalar σ-model j
(σ)
A where A = m, a, α runs in the adjoint of the U-duality group. The later are given by
where G xy (φ) is the σ-model metric and k A x (φ) is the Killing vector of that metric associated to the generator of the U-duality group T A
We are, however, interested in the gauged theory. The most general gaugings can be found using the embedding-tensor formalism. In this theory, the embedding tensor has the form ϑ im A . We know there are at least two possible SO(3) ⊂ SL(3, R) gaugings of this theory:
1. Salam and Sezgin's [1] , in which the 3 vector fields A 1m coming from the metric of 11-dimensional supergravity (that is, the 3 Kaluza-Klein (KK) vector fields) are used as gauge fields.
2. The AAMO [6] gauging in which the 3 gauge fields are the A 2m coming from the 3-form of 11-dimensional supergravity.
These two sets of gauge fields are related by the discreet electric-magnetic SL(2, R) duality transformation τ → −1/τ before gauging. The Salam-Sezgin gauged theory can be uplifted to standard 11-dimensional supergravity (because the gauged theory can be obtained from it by generalized (Scherk-Schwarz [2] ) dimensional reduction) while the AAMO gauged theory cannot and one has to resort to a generalization of the so-called "massive 11-dimensional supergravity" proposed in Ref. [7] . Both gauged theories have the same gauge group (SO(3)) but they are different. The Salam-Sezgin gauging corresponds to choosing an embedding tensor whose only non-vanishing components are ϑ im n = gδ i 1 δ m n where g is the coupling constant, and the AAMO gauging corresponds to the choice ϑ im n = gδ i 2 δ m n .
From the 8-dimensional supergravity point of view, one could use any other SL(2, R) transformed of the A 1m triplet as gauge fields. This suggests that a continuous family of inequivalent SO(3) gaugings should exist. The corresponding embedding tensor has the form where the Y tensor is
For the above embedding tensor Eq. (3.12), the only non-vanishing components of the Y A im B tensor are 16) and, therefore, the quadratic constraint is automatically satisfied and the embedding tensor is, in principle, admissible. There are other parameters associated to deformations of the theory that must be considered together with the embedding tensor because they can be related. The dtensors being defined already in the undeformed theory, the rest of the deformations of the theory are dictated by the Stückelberg mass parameters Z imn and Z im .
Z imn is related to the embedding tensor through the defining relation 15
through the orthogonality relation 18) and through the requirement of gauge invariance
It is not difficult to see that the only solution to these three constraints is 20) and, therefore, the only non-vanishing components of the tensor Y a imn are
which can only be satisfied by Z im = 0. This solution is gauge-invariant and the corresponding Y tensor vanishes identically:
There are five constraints more relating the three deformation tensors ϑ im A , Z imn and Z im among themselves and to the d-tensors [30] :
where d m jn kp lq is another d-tensor fully symmetric in the three lower (pairs of) indices. They are satisfied identically when this tensor vanishes. The conclusion of this section is that we have found a set of deformation parameters
that describe a one-parameter family of SO(3) gaugings of maximal 8-dimensional supergravity with the properties we were looking for.
In what follows we are going to construct explicitly this family of theories using the general results of Ref. [30] .
Construction of the 1-parameter family of SO(3)-gauged
The first step is the construction of the tensor hierarchy. Since this has been done in Ref. [30] for most of the fields in a generic 8-dimensional theory, we just have to replace the values of the d-tensors and the deformation tensors to get most of the field strengths and all the Bianchi identities and the identities relating all the Bianchi identities. They can be found in Appendices A.1, A.2 and A.3, respectively. Nevertheless, we would like to remark the definitions of the first and second covariant derivatives of the scalars 2) and the fact that the Noether current 1-forms defined in Eq. (3.10) 16 also need to be covariantized
As explained in Ref. [30] , the Bianchi identities of the magnetic fields are related to the equations of motion of the electric ones upon the use of the duality relations between electric and magnetic field strength given in Appendix A.4 and assuming that the Bianchi identities of the electric field strengths are satisfied. The precise relation can be found by studying the Noether identities associated to the gauge invariance of the action of the theory (whose existence we assume) and, adapted to this theory, is
(4.8) 16 In absence of interactions between the scalars and other fields these Noether currents are conserved d ⋆ j From these relations we find
The scalar equations of motion can be recovered from the above three relations by using 1. The relation that expresses the gauge-invariance of the scalar potential 
2. The invariance of the theory under the U-duality group implies that the kinetic matrices M mn (φ) and W ij satisfy the following relations:
The axidilaton field τ transforms non-linearly under SL(2, R) (fractional-linear transformations). Taking into account the (unconventional, by an overall sign) definition of the dual 4-formG that constitutes the lower entry of the symplectic vector G i17 , the infinitesimal SL(2, R) transformations of τ take the form
3. Finally, using the Killing equation it is not difficult to prove the following identity for the Killing vectors k A x of a metric G xy (φ) and the associated covariantized Noether 1-form defined in Eq. (4.3)
Then, the scalar equations of motion are
These equations can be split into those corresponding to the scalars in the coset spaces SL(3, R)/SO(3) and SL(2, R)/SO(2) in the obvious way.
We will discuss the form of the potential later. The scalar equations of motion give us all the kinetic terms in the action:
(4.24) (We have added the Hilbert-Einstein term, which, evidently, should be there). Now we have to add the Chern-Simons terms necessary to obtain the other equations of motion, starting by those of the higher-rank potentials (C). However, all the ChernSimons terms of the ungauged theory must be present (since we must recover it in the v i = 0 limit) and it makes sense to add to the above action the covariantization of those terms, namely 25) where now the field strengths and derivatives are the covariant ones and
C only occurs in one place in this Chern-Simons term and, therefore, using d∆G 2 = dG 2 and the Bianchi identity B(G 2 ) in Eq. (A.20) we get 27) in agreement with Eq. (4.14).
For the 2-forms we find
where δS/δB m is the expected equation of motion, given in Eq. (4.13), and where the boxes acting on field strengths denote the terms on that field strength that only depend on the 1-form fields. Thus, the terms in the second line only depend on the 1-form fields and it is very easy to add a term to the action, linear in B m to cancel them. However, we must make sure, first, that those terms always depend on v i , so they disappear in the ungauged limit. Indeed, expanding them we find that all the v-independent terms in them cancel. As for the unwanted terms in the first line (all of them v-dependent), they can be easily integrated. We conclude that we must add to the action a new correction: (2) with respect to C and B m gives the expected equations of motion.
The terms that remain to be added only contain 1-forms and their derivatives and only contribute to the equations of motion of the 1-forms. They are of the form (dA) 2 A 4 and (dA)A 6 and their form is exceedingly complicated and we have not determined them.
The scalar potential
Finally, we have to find the scalar potential. The scalar potential must satisfy Eq. (4.15), but this equation does not fully determine it. In supergravity theories, the scalar potential is determined by supersymmetry, and is quadratic in the fermion shifts. 18 There seem to be no general rules available in the literature to construct the fermion shifts of any gauged supergravity, although, based on the example of gauge N = 3, d = 4 supergravity [33] , it was suggested in Ref. [34] that they can be written in terms of the dressed structure constants of the gauge group.
Looking into Ref. [1] , we can see that the fermion shifts of SO(3)-gauged N = 2, d = 8 supergravity theory fit into this general rule and are written in terms of
where f mn p = ǫ mnp , the matrix L m n is the SL(3, R)/SO(3) coset representative, and L m n is its inverse. 19 It is, however, well-known that in N = 1, 2, d = 4 supergravities the fermion shifts are written in terms of the momentum maps P A Σ associated to the symmetries being gauged: the index A runs over its Lie algebra and the index Σ runs over the Lie Algebra of the R-symmetry group. Thus, in this theory, they would have be P A m with A = m, a, α.
As discussed in Ref. [35] , these two ways of writing fermion shifts are, actually, equivalent because the dressed structure constants can be rewritten in terms of the momentum maps. The momentum maps, though, can be combined with the embedding tensor in a natural way (ϑ im n P n p ) and more general gaugings can be considered.
We will, therefore, use the momentum maps to write the fermion shifts of the theory at hands. A problem one finds in trying to write fermion shifts with the right structure is that the structure of the fermion shifts and of the entire supersymmetry transformations given in Ref. [1] does not show the transformation properties of the spinors under the R-symmetry group SO(2)×SO(3) ∼U (1) 
where we have introduced 33) which transforms linearly under SL(2, R) up to a U(1) phase. Using these ingredients, the fermion shifts can be written in the form
34) 35) where the (σ p ) are Pauli's sigma matrices. For the class of gaugings that we are considering, with embedding tensor
Now we observe that the dressed structure constants can, in this case, be expressed in these two different ways:
where we have defined
Contracting both identities with ǫ npr we find 20
which allows us to express the fermion shifts entirely in terms of T mn :
as they appear in Ref. [1] . The combination of the fermion shifts that gives the scalar potential is 
The expression obtained is SO(3) invariant and, formally (because v i is rotated) SL(2, R) invariant. For v i = gδ i 1 one recovers the scalar potential of the Salam-Sezgin theory 21 and for v i = gδ i 2 the scalar potential of the AAMO theory is recovered. 20 This projects the first identity over the SO(3) generators A = m and we remind the reader our definition of momentum map P B m = Γ Adj (L −1 ) B m . 21 Beware of the different conventions for the dilaton field! We do not expect qualitatively different vacua from different values of the v i . Observe that the τ-dependent factor of the potential is definite-positive.
Since our main concern here was to find the scalar potential, in this section we have only studied the fermion shifts in the supersymmetry transformations of the fermions. It is worth, however, discussing the general form of all the supersymmetry transformations of the theory. We know that the supersymmetry transformations of the bosonic fields do not change under gauging, as a rule. The structure of the supersymmetry transformations of the fermions is, apart from the additional fermion shifts, the same as in the ungauged case with the field strengths replaced by the new ones and the derivatives replaced by gauge-covariant derivatives. Since the fermions only transform under the R-symmetry group, their covariant derivatives are different from the covariant derivatives of the bosonic fields, which transform in representations of the whole duality group. The construction of these covariant derivatives offers no particular problems and is discussed in detail in Ref. [35] .
Conclusions
By applying the general results obtained in Ref. [30] we have constructed explicitly a 1-parameter family of SO(3)-gauged maximal 8-dimensional supergravities that interpolates between Salam and Sezgin's [1] and AAMO's [6] , realizing the possibilities noticed in Refs. [11, 12] : for each value of that parameter a different combination of the two triplets of 1-forms (one coming from the 11-dimensional metric and the other coming from the 11-dimensional 3-form) plays the rôle of gauge vectors. These theories are physically different, but equivalente in the sense that they are related by U-duality rotations. In other words: they are not ω-deformations [36] . Finding a possible 11-dimensional origin for these theories constitutes a non-trivial challenge and we hope that the knowledge of the explicit form of these theories, determined in this work, will be of help.
A key ingredient of the gauged supergravities we have constructed is the scalar potential. This is not determined by the tensor hierarchy, which only puts generic constraints on it. In a supergravity theory (different from N = 1, d = 4) the scalar potential is a quadratic form on the fermion shifts. These have to be scalar-dependent expressions linear on the embedding tensor, but their general form is not known in general. 22 This is one of the main obstructions to find a general formulation of all gauged supergravities in all dimensions. We have proposed a general form of the fermion shifts for maximal 8-dimensional supergravity that reproduces the fermion shifts found by Salam and Sezgin and gives the expected (formally) duality-invariant form of the scalar. Interestingly enough, this form is similar to that of the fermion shifts occurring in 4-dimensional supergravities, where the scalar fields appear combined in an object (symplectic section and generalizations) related to part of the coset representative. We believe that this object should exist in any supergravity theory (if it can be gauged at all) and its identification and study should be key to finding the general formulation of gauged supergravities we wish for. 
A Summary of relations for the gauged theory
m , (A.37)
a , (A.38) 
